A number of in vitro and in vivo models have been developed to study the locomotion, migration, and invasiveness of glial tumor cells. 2, 6, 9, 11, 14, 30 Monolayer and cell suspension systems do not reconstruct the cellular microenvironments present in the tumor mass or the threedimensional nature of the extracellular matrix of the brain. Three-dimensional models, in which individual tumor cells, aggregates of these cells, or tumor tissue invade extracellular matrices 2, 30 or fetal brain, 6, 11 appear to solve some of these problems. Fundamental to the study of the invasive paradigm is the need to reconstruct the extracellular matrix independently to assess cell-matrix interaction and to alter the cellular microenvironment of the tumor mass to study cell-cell interplay. A number of investigations have used C6 astrocytoma spheroids to study both in vitro and in vivo tumor growth. 12, 26, 31, 41, 42 Collagen matrices have been used to reconstruct a first approximation of the three-dimensional environment that tumor cells must degrade so that they can invade. 4, 17 Cells undergo shape changes and subsequent modulation of enzyme production encased in three-dimensional matrices, which do not occur in a monolayer culture. 38 We have developed a model in which C6 astrocytoma spheroids are encased in a collagen type I gel (Vitrogen 100). Using this model we have been able to: 1) monitor the invasive behavior of cells in a biologically relevant environment; 2) obtain quantitative data on cell invasion, proliferation, and enzyme activity; 3) alter cell-cell interaction by changing the size of the spheroid used; and 4) alter cell-matrix interaction by modifying the matrix components of the gel.
Materials and Methods

The C6 Astrocytoma Spheroid Invasion Model
The C6 astrocytoma cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum (FCS), penicillin, and streptomycin at 37˚C in a humidified atmosphere of 95% O 2 /5% CO 2 . After trypsinization, C6 astrocytoma cells were seeded into spinner culture flasks at approximately 3 ϫ 10 spheroids were obtained. The collagen solution was made by mixing collagen type I gel and 10-fold concentrated minimal essential medium. The pH of the solution was adjusted by addition of NaOH/NaHCO 3 , as previously described. 18 This solution (600 l) was added to 24-well plates and spheroids of defined sizes were implanted into the gel. After gelation at 37˚C, the gel was overlaid with 500 l DMEM with 5% inactivated FCS (5% DMEM), and cell invasion was assessed with the aid of an inverted microscope.
Within hours after placing a C6 astrocytoma spheroid into the collagen type I gel, individual cells began to detach from the surface of the spheroid and invade the surrounding matrix. Initially, this invasive activity was characterized daily over 12 days, with the medium being changed every 3 days. Invasion distance was calculated as the distance in micrometers from the spheroid edge to the population of invasive cells most distant from the spheroid edge. Further experiments were standardized and conducted over a 5-day observation period in which the medium was not replaced. Assessments were then performed daily and invasion distances and rates of invasion were expressed in micrometers per hour.
To examine the effect of different concentrations of gel on invasion distance, 1, 1.5, 2, and 2.4 mg/ml concentrations of collagen type I gel and medium-sized spheroids (500-700 m) were used. All subsequent experiments were conducted using gels containing 1 mg/ml collagen type I.
Studies were performed to assess the influence of collagen type I gel on enzyme release from spheroids. Three different growth conditions (on plastic, on collagen type I gel, and in collagen type I gel) were examined by means of medium-sized spheroids. Collagen type I and collagen type IV degrading activity and general (neutral) proteolytic activity in the media were assessed, as described previously. 42 All enzymatic activities were calculated as activity per milliliter of conditioned medium.
For inhibitory experiments, the following agents were used: 1,10 o-phenanthroline (10 Ϫ5 M) as a metalloprotease inhibitor; tissue inhibitor of metalloprotease-2 (TIMP-2; 3.2 g/ml) as a matrix metalloprotease inhibitor; warfarin and phenylmethanesulphonylfluoride (PMSF) (both 10 Ϫ4 M) as serine protease inhibitors; iodoacetamide (IAA) (10 Ϫ6 M) as a cysteine protease inhibitor; and pepstatin (10 Ϫ6 M) as an aspartic protease inhibitor. Each inhibitor was added to the gel prior to gelation. Each inhibitor used in these experiments was first assessed in a C6 astrocytoma monolayer culture. No alterations in cell morphology or doubling times were seen at the concentrations of inhibitors used in this study (data not shown).
Proliferation Assays
On Days 1, 3, and 5, large-sized spheroids (700-1000 m) in collagen gels were fixed in 10% buffered formaldehyde overnight and processed through a graded series of alcohol concentrations and xylene. Spheroids placed in the well (on plastic) without addition of collagen type I on Days 1 and 5 were used as controls. After being embedded in paraffin, the spheroids in the collagen gel were sectioned at 5-m intervals. A monoclonal antibody to Ki-67 was used to assess the proliferation labeling index of tumor cells. To enhance immunoreactivities, we used microwave pretreatment (4-kV DC, 2450 MHz). After deparaffinization in xylene and rehydration in a graded ethanol series, the samples were quenched in H 2 O 2 , boiled in a microwave oven for 3.5 minutes in 0.01 mol/L citrate buffer (pH 6), and left for 20 minutes at room temperature. The cold samples were dipped in distilled water, and unspecific binding sites were blocked for 20 minutes with phosphate-buffered saline containing 1.5% normal horse serum. Immunohistochemical detection was conducted with an avidin-biotin complex kit. Each sample was incubated with primary antibody (dilution ϫ 100) at room temperature overnight and counterstained with Meyer's hematoxylin. The Ki-67 labeling indices of the spheroids were determined by counting more than 700 nuclei on the surface areas of the spheroids. The labeling indices of invading cells were determined by counting all invading cells seen in the samples. Cells in the forefront of invasive activity (approximately 1-5 circumferential columns of invading cells) were assessed to determine the labeling indices of cells present at the invading edge.
Cell-Cell Interactions
Three groups of spheroid sizes (diameter ranges: small, Ͻ 500 m in diameter; medium, 500-700 m; and large, Ͼ 700 m) were implanted into collagen type I gels (1 mg/ml). The invasion distance in each gel was monitored over 5 days, with no change of the conditioned medium. Conditioned media from the surface of the gels containing large-and small-sized spheroids were collected on Days 1, 3, and 5 to assess collagen type I and type IV degrading activity.
Cell-Matrix Interaction
For these experiments, laminin, fibronectin, collagen type IV, hyaluronic acid, and human central nervous system (CNS) crude myelin and CNS myelin extract were used. These components were mixed with the collagen type I gel before gelation and C6 spheroid implantation. The concentrations of laminin, fibronectin, and collagen type IV were all 10 g/ml. The hyaluronic acid was used at 100-, 200-, and 1000-g/ml concentrations and the human CNS crude myelin and CNS myelin extract were added at 40 g/ml and 64 g/ml, respectively.
Statistical Analysis
All values reported are expressed as means Ϯ standard deviations of the mean. Statistical significance was assessed using Student's ttest for invasion distances and one-way analysis of variance and Dunnett's multiple t-test for the results of Ki-67 labeling indices during invasion. Probability values less than 0.05 were considered significant.
Sources of Supplies and Equipment
Collagen type I gel (Vitrogen 100) was purchased from Collagen Corporation, Fremont, CA. Rat albumin and rat tail collagen type I used for the biochemical assay, and human laminin, fibronectin, and collagen type IV were purchased from Sigma Chemical Co., St. Louis, MO. Human CNS crude myelin and CNS myelin extract were prepared from human brains obtained at autopsy, as described previously. 1, 32 The tetrapeptide carbobenzoxy-Phe-Ala-Phe-Tyramide (blocking peptide), a blocker of C6 astrocytoma metalloendoprotease, 1 was synthesized by Bachem AG, Basel, Switzerland. Hyaluronic acid was purchased from Pharmacia Biotech, Baie d'Urfe, PQ, Canada. Recombinant TIMP-2 was kindly provided by Dr. K. E. Langley, Amgen, Thousand Oaks, CA. Monoclonal antibody to Ki-67 was purchased from Novocastra Laboratories Ltd., Newcastle upon Tyne, England, and immunohistochemical detection was performed using the Vectastain Elite ABC Kit manufactured by Vector Labs, Inc., Burlingame, CA. The Panasonic microwave oven used in the experiments was obtained from Matsushita Electric of Canada, Ltd., Mississauga, ON, Canada.
Results
The C6 Astrocytoma Cell Invasion
Within 6 hours after the C6 astrocytoma spheroids were implanted into collagen type I gels, individual cells began to detach from the spheroid surface and invade the gel, giving a sunburst type of appearance (Fig. 1A) . Some invading cells displayed an elongated, bipolar morphology and others had a more rounded appearance (Fig. 1B) . The invasion of the gel could be characterized as single cells moving in a progressive radial, unidirectional, and circumferential pattern away from the spheroid edge. Cell density at the spheroid surface appeared to decrease, indicating that this was a resident population of C6 astrocytoma spheroid cells invading the gel rather than only new cells generated by cell proliferation.
The total invasion distance gradually increased over 12 days; however, the maximum daily invasion distances and rates of invasion occurred on Days 1 through 5 ( Fig. 2) . No statistical differences in total invasion distance were seen when total invasion distance on Day 5 was compared with that on Day 6 or beyond. The maximum total invasion distance seen was 2100 m. No statistical differences in the total invasion distance were seen among the four different concentrations of collagen type I gel assessed (data not shown).
The medium obtained from cultures of spheroids implanted in collagen gels contained significantly increased levels of all three types of enzymatic activity (Fig. 3) . The medium obtained from cultures of spheroids on collagen gel contained significantly more general proteolytic activity and collagen type I degrading activity than medium obtained from cultures of spheroids grown on plastic.
Of all protease blockers tested (including blocking peptide, PMSF, warfarin, IAA, and pepstatin) only 1,10 ophenanthroline and TIMP-2 significantly decreased C6 astrocytoma cell invasion in this model (Fig. 4) . This inhibitory effect was also seen when these two inhibitors were added during the invasive process (data not shown).
Proliferation Indices During Invasion
A positive reaction against Ki-67 was seen in the majority of cells in surface microregions of spheroids obtained from spinner culture or cultured for 24 hours in wells containing no collagen type I gel (Fig. 5) . No significant differences in labeling indices between surface microregions of large-and medium-sized spheroids were seen (75.3 Ϯ 1% compared with 73.2 Ϯ 1.8%). No significant alteration in the labeling index of this surface microregion was seen when spheroids were cultured in wells without gel for 5 days (Fig. 5) . The central microregions that histologically demonstrated pyknotic nuclei and small regions of necrosis always gave a negative response for Ki-67 staining.
The implantation of spheroids into the gel was associated with striking changes. There was a significant decrease in the labeling indices of the spheroid surface, all invading cells, and the leading edge of invading cells as compared to control (Fig. 5) . After 24 hours, individual cells invading the gel continued to express Ki-67 antigen; however, at Day 5 approximately 90% of the leading edge of invading cells reacted negatively. The labeling index at Day 5 in this subpopulation was significantly lower than that found for all invading cells. The reason appears to be that small subpopulations of invading cells form groups of proliferating cells some distance away from the main spheroid mass. The high labeling index in these clusters at Day 5 suggests that these cells are actively undergoing proliferation and similar small clusters of proliferating cells can be seen at the spheroid edge.
Histologically, the central microregion of the spheroid no longer appeared to contain pyknotic cells and necrotic microregions were no longer visible on Day 5. Occasionally Ki-67 staining of cells in the central microregion of the spheroid was seen, indicating that these cells were undergoing mitosis. 
Effect of Cell-Cell Interaction on Invasion Distance and Enzymatic Activities
The mean diameters of the spheroids, daily invasion distances, and daily rates of invasion for spheroids of different sizes are shown in Fig. 6 . Total invasion distance and rate of invasion were significantly increased for larger spheroids. The increase in total invasion distance resulted from a significantly increased rate of invasion for cells from larger spheroids over the first 48 hours (data not shown). For the three spheroid sizes assessed there was a progressive decrease in the rate of C6 astrocytoma cell invasion over 5 days. A significant increase in the level of collagen type I degrading activity was found in the medium from large spheroids when compared to the medium of small spheroids only on Day 1 (Fig. 7) . No significant alterations in the level of collagen type IV degrading activity were found when the media of large and small spheroids were compared (data not shown).
Influence of Matrix Alteration on C6 Astrocytoma Invasion
The addition of laminin, fibronectin, and collagen type IV in the concentrations used had no significant effect on the total invasion distance at Day 5 (Fig. 8) or the rate of invasion in this model (data not shown). Hyaluronic acid significantly decreased these parameters at 200 and 1000 g/ml. Both human CNS crude myelin and myelin extract significantly increased invasion.
Discussion
Characterization of the Model
An experimental in vitro model for tumor invasion should effectively mimic both the three-dimensional characteristics of the solid tumor and the three-dimensional extracellular matrix into which the tumor cells invade. Multicellular spheroids were developed as one approach to study the biology of diverse tumor microenvironments in vitro. 35, 36 Larger spheroids are characterized by a central area of necrosis surrounded by a variable rim of hypoxic cells and a well-oxygenated and proliferating outer rim of cells; smaller spheroids have no hypoxic cell populations. 26, 35, 36 Changing spheroid size thus influences the size of all these microregions and allows an approximation of different solid tumor microenvironments in the brain. A C6 astrocytoma spheroid implantation model has been developed in the rat and is used extensively in our laboratories. 12, 25, 39, 41 This in vivo model is characterized by tumor cell invasion along established blood vessels and into the brain parenchyma as single cells. As a first approximation of the extracellular matrix of the macromolecular architecture of the human brain, one needs a three-dimensional framework; collagen type I appears to provide this. 29, 30 Certain extracellular matrix molecules such as collagen type IV will not gel at 37˚C and this limits their usefulness as an extracellular matrix framework. The collagen type I gel used in this model consists of 95 to 98% of collagen type I and 2 to 5% of collagen type III. It does not contain growth factors or other types of extracellular matrix molecules that could influence invasiveness. A number of investigators have studied the invasiveness of malignant glioma cells on the surface of collagen wafers 3, 4, 17 and in collagen gels. 29 The fusion of spheroid technology and a defined three-dimensional collagen type I matrix is an extension of these studies. A model of invasion of human brain tumor specimens into fetal rat brain has been developed. 11 Some of its limitations include difficulties with continuous quantitative studies of individual invading cells and the role played by the permissive fetal rat brain microenvironment. Sträuli 34 has defined patterns of tumor invasion. Both clinical and experimental evidence suggests that invading cells from malignant gliomas invade predominantly as single cells.
Within hours of placing the spheroid into the gel, single cells can be seen to detach from the margin of the tumor mass and invade the gel. Approximately 80% of this invasion occurs within 5 days and the cells invade to a maximum distance of 2100 m. Maximum rates of tumor invasion occur in the first 48 hours and then steadily decline.
Two types of invasive cell morphology were seen; some cells were elongated, whereas others had a more rounded appearance. A single cell could display both of these shapes at different times. The elongated cell shape was associated with periods in which the cell was actively moving through the extracellular matrix; the rounded shape was apparent during periods of relative inactivity.
Mechanism of the C6 Astrocytoma Cell Invasion in the Model
Two possibilities exist for the movement of single C6 astrocytoma cells through the gel. Either these cells are degrading a portion of the collagen type I in their path (invasive activity) or they are navigating through available spaces between the collagen type I fibers (complex migratory activity). The evidence for the first of these two possibilities is more convincing and includes the following.
Direction of the Invasion. Single cells invade the gel predominantly in a radial and unidirectional path, which is consistent with the degradation of the collagen type I matrix in the pathway of the cells.
Influence of the Matrix. If sufficient enzymatic systems are available to C6 astrocytoma cells, increasing collagen type I concentration would have little influence on invasion. Extracellular matrix molecules such as laminin and collagen type IV, which appear to play important permissive roles in glioma cell motility in monolayer culture, 14, 15 do not appear to influence cell movement in the spheroid model. This suggests that degradation mechanisms may be more important than adhesion ones in this model.
Release of More Degrading Activity by C6 Astrocytoma
Spheroids in Collagen Type I Gels. These activities are significantly increased by embedding the spheroid into the collagen type I gel. In a monolayer culture, we have shown that small groups of C6 astrocytoma cells release more collagen type IV degrading activity than nearly confluent cultures. 37 It is unclear in the present study whether the increased activities that are seen are released by the spheroid implanted in the gel, the invading cells, or both. Using rabbit synovial fibroblasts, Unemori and Werb 38 have shown that changes in the cytoskeleton associated with a reorganization of polymerized actin result in increased procollagenase secretion. The cytoskeletal organization of cells grown in hydrated collagen matrices differs significantly from that of cells grown on plastic. 38 The implantation of a spheroid into a collagen gel may result in enhanced enzymatic activities via surface-induced changes in cytoskeletal reorganization.
Correlation Between Increased Invasiveness and Enzyme
Release From Larger Spheroids. In the first 48 hours after implantation of larger spheroids, tumor cell invasion is significantly greater than that found with smaller spheroids. This is correlated with increased collagen type I, but not with collagen type IV degrading activity.
Inhibition Experiments. Tumor cell invasion in this model is only inhibited by the metalloprotease inhibitor 1,10 o-phenanthroline and by TIMP-2. The conditioned medium of C6 astrocytoma cells grown in a monolayer culture contains both a metalloprotease and a serine-dependent enzymatic activity at a neutral pH, which will degrade collagen type IV. 40 The serine protease, plasminogen activator, has been detected immunohistologically and correlated with the migration of C6 astrocytoma cells and fetal astrocytes into collagen type I wafers; serine protease inhibitors were not used in the study by Goldberg, et al., 17 but had no significant effect on invasion in our model. It has been reported that C6 astrocytoma cells express a membrane-bound metalloendoprotease that is crucial for the spread and migration of C6 astrocytomas on CNS myelin. 1, 27 This enzyme is inhibited by a blocking tetrapeptide that had no significant influence on invasion in our model. Although possibly crucial to the ability of tumor cells to invade myelin microenvironments, this enzyme does not seem to play a role in this model.
Other Investigators. Goldberg, et al., 17 in assessing the invasion of C6 astrocytoma cells and fetal rat astrocytes into collagen type I wafers, demonstrated that the wafers were digested by the C6 astrocytoma cells and after 2 days contained no observable collagen type I fibrils and only a few clumped fibers seen by scanning electron microscopy.
The available data tend to support the concept that the C6 astrocytoma cells invading the gel degrade at least some of the collagen type I fibers in their path using collagen type I degrading enzyme(s) that are inhibited by metalloprotease inhibitors.
Relationship Between Invasive and Proliferative Activity
The Ki-67 antigen starts to be expressed in the S phase and its expression continues through the S and G 2 components of the cell cycle, reaching maximum expression during mitosis. 23, 24 The labeling index of the outer rim of cells in a C6 astrocytoma spheroid is approximately 75%, which is consistent with previous data. 36 Embedding of C6 astrocytoma spheroids into collagen type I gels results in a downregulation of proliferative activity in all cell microregions studied. Invading cells far from the spheroid surface generally were not stained by antibody to Ki-67, indicating that the majority of invading cells are not proliferating. The reason why a small minority of these cells stop invading and form clusters of proliferating cells, obviously detached from the main spheroid mass, is unknown, but may reflect what occurs in human glial tumors.
Bernstein and colleagues 4 found that while invading a Matrigel wafer C6 astrocytoma cells did not proliferate, but when the invasion ceased C6 astrocytoma cell proliferation began. Chicoine and Silbergeld 10 injected C6 astrocytoma cells into the rat brain and reported the presence of a tumor mass at the injection site. Invading tumor cells, however, remained single and appeared not to proliferate. Krtolica and Ludlow 20 reported that hypoxia arrests proliferation of ovarian carcinoma cells but not their invasion, suggesting that the regulatory mechanisms of proliferation and invasion may be independent. These authors speculate that tumor cells can survive and invade the extracellular matrix under hypoxic conditions and reenter the cell division cycle when suitable oxygenated microenvironments are encountered.
Cell-Cell Interactions
In the initial 48 hours, cells leaving the surface of larger spheroids invade the collagen type I gel at a faster rate than cells from smaller spheroids. Chicoine, et al., 9 reported that directional locomotion by human glioma cells in monolayer culture was also greatest in the first 48 hours.
Based on these observations, we propose that there are two major driving forces to explain cell invasion in this model. One is a direct effect of physical stress within spheroids; the second is the influence of a hypothesized chemical factor(s) released from the spheroids themselves. Physical stress is a poorly understood characteristic of cells that is associated with cell density. Cells in high-density microenvironments tend to migrate toward regions of lower cell density. 9, 10 Cell crowding may result in extensive cell-cell contact in a number of microregions, whereas in the center of the spheroid, hypoxic cells and necrosis are present. 26, 35, 36 These physically stressful conditions, including competition for oxygen and nutritional substrates, may result in the generation of some form of a repellent factor(s) from which cells try to move directly away to maintain viability. This repellent factor or microenvironment must result in the overwhelming of any cellcell adhesion and the unidirectional cellular invasion of the gel. Larger spheroids having extensive hypoxic microregions may generate more of the repellent factor(s) and/or a different repellent factor and this may explain their accelerated cellular invasion. Increased production, activation, and/or release of matrix-degrading enzymes by cells exposed to the factor(s) and/or stressful microenvironmental conditions may occur. The presence of a repellent factor released by cells in stressed microregions of the spheroid may explain why invading cells at considerable distance from the spheroid decrease their daily invasion distance and eventually stop invading the gel. Histologically, cells in the central microregions of larger spheroids appear more viable after 3 to 5 days in the gel. This may result in decreased levels of physical stress and/or decreased levels of repellent factor(s) and, therefore, less invasive activity. Whether this decreased cell invasive activity and resultant arrest in cell movement favor a more proliferative phenotype is unknown. A number of scatter 22, 33 and invasive inhibiting factors 19, 21 have been characterized, but none appear to have all the characteristics of the factor proposed from these studies.
Cell-Matrix Interactions
Collagen type I provides a three-dimensional scaffolding on which to place components of the extracellular molecular architecture of the brain. The collagen type I used in our study appears to gel without difficulty, hold large three-dimensional spheroids suspended, and is clear enough to allow continuous monitoring of cell movement. The addition of components of the vascular basement membrane and glial limitans externa, such as laminin, fibronectin, and collagen type IV, to the gel in concentrations that influence glioma cell movement in monolayer culture 14, 15 had no influence on invasive behavior. The conditioned media of C6 astrocytoma cells can degrade each of these extracellular matrix proteins (J Keshimirian and RF Del Maestro, unpublished results) and, therefore, they should not have posed a physical barrier to cellular invasion. This would suggest that the cellular mechanisms involved in the invasion of three-dimensional matrix systems are different from those used by cells during two-dimensional migratory behavior.
Hyaluronic acid is ubiquitous in brain tissue and has many diverse functions. 5, 16 Its ability to bind cells and many extracellular matrix components may increase the complexity of the three-dimensional matrix and impede invasion. The effects of proteoglycans and glycosaminoglycans are mostly inhibitory and nonpermissive to glial cell movement in monolayer culture; 5 this is consistent with the findings of our studies using hyaluronic acid.
Amberger, et al., 1 have reported that C6 astrocytoma cells contain a metallodependent endoprotease that can degrade myelin inhibitory proteins 8 and thus alter migration on myelin-treated two-dimensional surfaces. The addition of myelin extracts from human brain appears to permit C6 astrocytoma invasion in our model and would be consistent with the findings of preferred C6 astrocytoma invasive pathways in vivo. A more complete elucidation of cell-three-dimensional matrix interactions may add to our understanding of the mechanism of precursor, inflammatory, and tumor cell invasion of the human brain.
Conclusions
The system outlined in this report allows one to model three-dimensional characteristics of the solid tumor mass suspended in an easily modified three-dimensional scaffolding of collagen type I. Single cells invade the gel via a metallodependent enzymatic mechanism and rarely proliferate. It is hypothesized that C6 astrocytoma cell invasion in this model may be influenced by a repellent factor(s) produced by the main spheroid tumor mass. This model is presently being modified to study invasive behavior of spheroids derived from human malignant glial cell lines and human glial tumors obtained during surgery.
